Correspondence
In Brief Christov et al. show that the chromatin remodeling complex xNuRD is an essential DNA replication factor in the eggs and early embryos of Xenopus laevis. They demonstrate that xNuRD can initiate DNA replication in the absence of non-coding Y RNAs, which only become essential for replication later in development.
INTRODUCTION
Accurate replication of chromosomal DNA is essential for cell proliferation, development, and homeostasis of multicellular organisms. The principles of chromosomal DNA replication are evolutionarily conserved in eukaryotes, but regulation of the initiation of DNA replication changes considerably during early vertebrate development. In Xenopus laevis, the mid-blastula transition (MBT) marks a turning point for several features of DNA replication (Hyrien et al., 1995; Lemaitre et al., 1998; Montag et al., 1988; Kirschner, 1982a, 1982b) . In activated eggs and pre-MBT embryos, cell divisions alternate and even partly overlap with very short S phases, during which tens of thousands of replication forks are established without site specificity and in the absence of transcription. After the MBT, bulk transcription of zygotic genes occurs, and DNA replication initiates at defined replication origins, which often overlap with transcription start sites. S phase and mitosis become separated by G1 and G2 phases, and the duration of S phase extends to several hours.
The molecular mechanisms that underlie this transition of DNA replication control are only now beginning to emerge. In vertebrate somatic cells, initiation of DNA replication depends on small non-coding Y RNAs Krude et al., 2009) . Intriguingly, even though large amounts of these Y RNAs are maternally deposited, they are not required for DNA replication before the MBT but become essential for DNA replication, cell proliferation, and embryo viability after the MBT . It is not known how DNA replication can initiate in the absence of Y RNAs during early development.
Here we report the isolation and characterization of a factor from activated Xenopus laevis eggs and pre-MBT embryos that allows the initiation of chromosomal DNA replication in the absence of non-coding Y RNAs. To identify this factor, we modified a human cell-free DNA replication initiation system. In this assay, late G1 phase human template nuclei initiate DNA replication in vitro in the presence of a cytosolic extract from proliferating HeLa cells, which provides soluble initiation factors, including proteins and Y RNAs Krude, 2000; . Degradation of endogenous Y RNAs in the cytosolic extract inhibits the initiation of DNA replication in this system Krude et al., 2009) . In contrast, although Xenopus laevis egg extracts also cause initiation of DNA replication in human late G1 phase nuclei in vitro, degradation of endogenous Xenopus Y RNAs does not inhibit initiation activity , suggesting that there is a Y RNA-independent initiation activity in Xenopus egg extracts.
Chromatin is rendered dynamic by the activities of histonemodifying enzymes (Kouzarides, 2007) and by ATP-dependent chromatin remodeling factors that affect the composition and position of nucleosomes along chromosomal DNA (Clapier and Cairns, 2009) . The chromatin remodeling factor NuRD (nucleosome remodeling and deacetylase) combines two important chromatin-modifying activities (Allen et al., 2013; Ho and Crabtree, 2010; Laugesen and Helin, 2014; Torchy et al., 2015) . First, ATP-dependent nucleosome remodeling is catalyzed by the ATPase/helicase activities of the large CHD3/4 subunits (chromodomain helicase DNA-binding 3/4). In addition, NuRD has lysine deacetylation activity, which is provided by the HDAC1/2 subunits (histone deacetylase 1/2). Four additional subunits promote interactions with DNA, histones, and transcriptional regulators: MTA1/2/3 (metastasis-associated 1/2/3) interact with transcriptional regulators and histones; MBD2/3 (methyl-CpG binding domain 2/3) interact with methylated DNA; and GATAD2A/B (GATA zinc-finger domain containing 2A/B, also known as p66a/b) and RBBP7/4 (retinoblastoma binding proteins 7/4, also known as (RbA)p46/p48) interact with histones.
Importantly, each canonical NuRD subunit has two or three homologs, some of which are present only in mutually exclusive NuRD complexes. This allows the formation of a large number of different complexes with different biological functions, which include the regulation of transcription, maintenance of genome stability, embryonic development, and cancer (Allen et al., 2013; Ho and Crabtree, 2010; Laugesen and Helin, 2014; Torchy et al., 2015) . However, no NuRD complex has yet been implicated in the regulation of DNA replication.
Here we identify a maternally deposited NuRD complex as a DNA replication factor in Xenopus eggs and early embryos that can overcome the requirement for Y RNAs to initiate chromosomal DNA replication.
RESULTS

A Y RNA-Independent Initiation Activity from Xenopus Egg Extracts
The initiation step of chromosomal DNA replication can be reconstituted in a human cell-free system in which late G1 phase template nuclei are incubated in a cytosolic extract from proliferating cells (Krude, 2000) . Degradation of all four human Y RNAs from such an extract causes a 5-to 10-fold reduction in the number of replicating nuclei (Figures 1A and 1D) , consistent with an essential role for human Y RNAs as initiation factors in this system . This Y-RNA-depleted system forms the basis of a screen for activities that might replace Y RNAs.
Human late G1 phase template nuclei also initiate DNA replication when incubated in an extract from activated Xenopus laevis eggs ( Figure 1B) . Degradation of the four endogenous Y RNAs from the egg extract, however, does not lead to inhibition of DNA replication ( Figure 1B) , consistent with the observation that Y RNAs are not required for DNA replication in activated eggs and early embryos . Significantly, addition of Y RNA-depleted Xenopus egg extract to Y RNA-depleted human cytosolic extract increases the percentages of replicating G1 phase template nuclei in a dose-dependent manner above that observed using egg extract alone ( Figures 1C and 1D ). This indicates that Y RNA-depleted Xenopus egg extract contains an activity that can initiate chromosomal DNA replication in human cell nuclei in the absence of Y RNAs. Treatments of the egg extract with heat, proteinase K, and/or phenol inactivated the activity but treatment with RNase A did not (data not shown), suggesting that it is protein-associated. We set out to isolate this initiation activity by systematic fractionation of the egg extract.
Isolation of the Y RNA-Independent Initiation Activity Isolation of the initiation activity from Xenopus egg extracts was achieved by means of seven fractionation steps (Figure 2A ). Activated eggs were first crushed by centrifugation, and yolk and cellular debris were extracted with Freon. Endogenous Y RNAs were then degraded by means of endogenous RNase H activity by addition of specific antisense DNA oligonucleotides . Initiation activity precipitated between 20%-45% ammonium sulfate and was isolated as a single broad peak of 200-600 kDa by ultracentrifugation through a preparative sucrose gradient, thereby removing small proteins and larger ribosomal and spliceosomal complexes. Activity was then partially purified over heparin Sepharose and Mono Q anion exchange columns before ultracentrifugation through a sucrose minigradient, where it sedimented as a narrow peak with an apparent molecular mass of about 250-350 kDa ( Figure 2B , fractions 6 and 7). Protein analysis of the gradient fractions indicated that a set of 10-15 major polypeptides co-sedimented with the peak of activity (Figure S1 ), suggesting that it is a multisubunit protein complex.
To identify proteins present in the active fractions, we subjected them to quantitative mass spectrometry, using a neighboring inactive fraction as a negative control. In two independent purification runs, 183 and 74 unique Xenopus proteins were identified in the active fraction from the Uniprot_080713 database (Table S1 ). After assessing relative abundance by calculating exponentially modified protein abundance index (emPAI) scores, these proteins were ranked on relative enrichment in the active over the inactive fractions and overall abundance. Of the 17 proteins that were enriched in both experimental replicates, we identified four subunits of the nucleosome remodeling and deacetylation complex NuRD: MTA2, GATAD2/p66, CHD4, and RBBP4/p48 ( Figure 2C ). Additional NuRD subunits-MBD3, RBBP7/p46, MTA1, and the maternal histone deacetylase HDACm , also known as probable histone deacetylase 1-A (HDAC1-a)-were also enriched in the active fractions but only detected in one of the two purification runs (Table S1 ). Individual subunits of several other large multisubunit protein complexes were also identified ( Figure 2C ; Table S1 ). The lack of the pre-RC components ORC1-6, Cdt1, Cdc6, and most of MCM2-7 in the active fractions indicates that the isolated initiation activity is required for a post-licensing step of DNA replication initiation, consistent with the presence of pre-replicative complexes (preRCs) in the template nuclei (Krude, 2000; Kubota et al., 2014) . Western blotting confirmed the enrichment of all NuRD subunits in the active fractions of the minigradient ( Figure 2D ). We conclude that a multisubunit NuRD complex co-purifies with the DNA replication initiation activity isolated from activated Xenopus laevis eggs.
The Xenopus NuRD Complex Has DNA Replication Initiation Activity To assess independently whether this NuRD complex contains the DNA replication initiation activity, we performed immunoprecipitation and functional immunodepletion analyses (Figure 3 ).
Activated eggs from
Xenopus laevis Antibodies specific for MTA2 effectively precipitated MTA2 from the 20%-45% ammonium sulfate fraction of the activated Xenopus laevis egg extract whereas unspecific control antibodies did not ( Figure 3A ). Western blotting confirmed that GATAD2/p66 and HDAC1 co-precipitated with MTA2 under these conditions ( Figure 3A) . Quantitative mass spectrometry analysis showed that all six subunits of the NuRD complex that were originally isolated by fractionation of the egg extract co-precipitated with MTA2 ( Figure 3B ; Table S2 ). These data suggest that a NuRD complex assembled around MTA2 is present in Xenopus egg extracts, which we term xNuRD (comprising CHD4, MTA2, GATAD2/p66, HDACm, RBBP7/p46, and MBD3 subunits). Tests of all other fractions against the control were not significant. Sedimentation of calibrator protein complexes (cytochrome c, 12.5 kDa; BSA, 68 kDa; aldolase, 158 kDa; catalase, 240 kDa) are indicated at the top. (C) Proteins in active fractions as identified by mass spectrometry. Proteins identified in both of two independent experimental replicates that were enriched in the active gradient fractions 6/7 compared with inactive fraction 5 are ranked according to their abundance (determined as emPAI scores). (D) NuRD subunit sedimentation profiles. Fractions of the sucrose minigradient were analyzed by western blotting with antibodies specific for the indicated NuRD subunits. See also Figure S1 and Table S1 . 
(legend continued on next page)
We used immunodepletion to test whether xNuRD contributes to the DNA replication initiation activity with which it co-fractionates. Immunodepletion using MTA2 beads completely abolished initiation activity, whereas control depletions had no effect (Figure 3C ). We conclude that xNuRD constitutes an activity that can initiate chromosomal DNA replication in human G1 phase nuclei in the absence of Y RNAs.
Human NuRD Complexes Are Structurally and Functionally Distinct from xNuRD
NuRD is an evolutionarily conserved protein complex, and several isoforms of each of its subunits are present in human cells (Allen et al., 2013; Torchy et al., 2015) . The human Y RNA-depleted cell-free system is thus likely to contain human NuRD (hNuRD). We therefore tested whether hNuRD can substitute for xNuRD in the absence of Y RNAs (Figure 4 ).
Proliferating HeLa cells were separated into nuclear and cytosolic extracts that were then subjected to Y RNA degradation and further fractionation. Individual hNuRD subunits were present over a range of molecular masses, including a complex with an apparent mass of about 300 kDa in nuclear extracts (Figure 4A, . A similar complex was observed in nuclear extracts from human embryonic stem cells (hESCs), although several subunits were present in lower-molecular-weight complexes ( Figure S2A ). Quantitative mass spectrometry showed that several isoforms of each hNuRD subunit effectively coimmunoprecipitated with MTA2 from HeLa nuclear extracts (Figure 4B ; Table S3 ). hNuRD contained MTA1 and MTA3 in addition to MTA2, HDAC2 in addition to HDAC1, isoforms A and B of GATAD2, MBD2 in addition to MBD3, and also the small accessory subunit DOC1/CDK2AP1 (deleted in oral cancer 1/Cdk2-associated protein 1) ( Figure 4B ; Table S3 ). This indicates that immunoprecipitated hNuRD complexes show greater subunit diversity than the corresponding xNuRD complex. Importantly, none of the gradient fractions containing nuclear hNuRD subunits from either HeLa cells or hESCs were able to substitute functionally for xNuRD or Y RNAs in the initiation of DNA replication in vitro ( Figures 4C and S2C ), even at up to 4-fold increased amounts compared with xNuRD (data not shown).
Human NuRD was also present in cytosolic extracts of proliferating HeLa cells and hESCs, but with the exception of MTA2, HDAC1, and RBBP4/7, all subunits sedimented through sucrose gradients as predominantly lower-molecular-weight entities ( Figures 4D and S2B ). Only HDAC2, HDAC1, and RBBP7 coimmunoprecipitated with MTA2 in the high-molecular-weight fractions ( Figure 4E ; Table S3 ), confirming that hNuRD is not present as a canonical protein complex in the soluble HeLa cell extract. Importantly, none of the gradient fractions containing cytosolic hNuRD subunits was able to substitute functionally for xNuRD or Y RNAs in the initiation of DNA replication in vitro ( Figures 4F and S2D) .
The lack of an initiation activity associated with hNuRD could be explained by the presence of an inhibitor. To address this possibility, we added hNuRD (fractions 3/4 and 7/8 of cytosolic and nuclear HeLa cell extracts, respectively) to DNA replication reactions driven by xNuRD. No reduction of the initiation frequency was observed ( Figure S3 ), strongly suggesting that hNuRD is not associated with an inhibitor.
We conclude that human NuRD complexes present in HeLa and hESCs are structurally and functionally different from Xenopus xNuRD because they exist in different subunit compositions and they cannot substitute for Y RNA activity in the initiation of chromosomal DNA replication in human cell nuclei.
Inhibition of xNuRD Inhibits Y RNA-Independent DNA Replication The class I histone deacetylases HDACm and HDAC1 are present in active xNuRD, and it is possible that they are key subunits for the activity of xNuRD in the initiation of DNA replication. We therefore analyzed their functional requirement by inhibition experiments ( Figure 5 ). Addition of the HDAC inhibitors trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA), and MS-275 caused a dose-dependent inhibition of the xNuRD-dependent initiation of DNA replication in human cell nuclei in vitro (Figure 5A) . The increased specificity of the compounds, from HDAC-generic (TSA) via intermediate (SAHA) to HDAC1-specific (MS-275) (Choudhary et al., 2009) , correlated with a decreased half maximal inhibitory concentration (IC 50 ) over several orders of magnitude ( Figure 5A ). We conclude that HDACm and/or HDAC1 are essential for xNuRD activity in this DNA replication initiation assay. In contrast, high concentrations of these three HDAC inhibitors had no effect on Y RNA-dependent initiation in the absence of xNuRD ( Figure 5B ).
Binding of antibodies to proteins can inhibit their function by steric hindrance. We therefore used a panel of antibodies capable of detecting Xenopus and human NuRD subunits for functional inhibition studies ( Figures 5C and 5D ). As a control, addition of either anti-actin antibodies or BSA had no effect on the xNuRD-dependent initiation of DNA replication in vitro ( Figure 5C ). Importantly, antibodies against MTA2, GATAD2/ p66, HDAC1, RBBP4/7, and MBD3 all strongly inhibited DNA replication, whereas anti-CHD4 and anti-HDACm antibodies had only a moderate but nevertheless significant inhibitory effect. None of these antibodies inhibited DNA replication in the Y RNA-dependent system in the absence of xNuRD ( Figure 5D ).
(B and E) Mass spectrometry analysis of the MTA2 co-immunoprecipitations. Fractions 6-8 of the preparative sucrose gradients of nuclear (B) and cytosolic extracts (E) were pooled, and human NuRD was immunoprecipitated with anti-MTA2 antibodies. Human proteins identified in the immunoprecipitates (n = 126 and n = 183 for nuclear and cytosolic extracts, respectively) were ranked according to their quantitative emPAI values after normalization to emPAI (MTA2) = 1, and all human NuRD subunits detected are plotted with their rank. The mean normalized emPAI values of all proteins are indicated by dashed lines. (C and F) Activity profiles of the sucrose fractions. Template nuclei were incubated in Y RNA-depleted human cytosolic extract supplemented with the indicated gradient fractions of the nuclear (C) and cytosolic extracts (F) . Mean values ± SD of percentages of replicating template nuclei are plotted of n independent experiments. Brackets indicate results of t tests (unpaired, two-tailed with unequal variance) of the positive control (xNuRD) and experimental samples against the Y RNA-depleted background (***p % 0.001). See also Figures S2 and S3 and Table S3 .
We conclude that xNuRD has a specialist function in Y RNA-independent DNA replication, an activity that is not shared by human NuRD complexes.
Initiation Activity of xNuRD Declines after the MBT DNA replication during the early development of Xenopus laevis becomes dependent on Y RNA function only after the MBT . We therefore asked whether xNuRD might be downregulated at this developmental stage ( Figure 6 ).
The dephosphorylation of nucleoplasmin at the MBT (B€ urglin et al., 1987; Leno et al., 1996) was used as a marker of developmental stage ( Figure 6A ). Strikingly, all xNuRD subunits were present throughout early development, and none showed any significant changes in mobility or abundance around the MBT ( Figure 6A ).
To investigate whether the specific DNA replication initiation activity of xNuRD changes during early development, we partially purified xNuRD from stage 6 pre-MBT and stage 18 post-MBT embryos and compared their specific activities with similarly prepared material from activated eggs. xNuRD preparations from activated eggs and from pre-MBT embryos were similarly active to initiate DNA replication in human G1 phase nuclei, whereas xNuRD from post-MBT embryos was about 10-fold less active ( Figure 6B ). Because the overall abundance of individual NuRD subunits did not change at MBT (Figure 6A ), we investigated, by co-immunoprecipitation (coIP) and mass spectrometry, whether this decline in activity post-MBT corresponds to decreased complex formation ( Figure 6C ; Table S4 ). All xNuRD subunits co-precipitated with MTA2 in pre-MBT stage 6 and post-MBT stage 18 embryo extracts, but after normalization to MTA2, the relative abundances of HDACm, HDAC1, and one isoform of GATAD2/p66 were reduced after the MBT ( Figures  6C and 6D) . To corroborate these data, we investigated xNuRD complexes by ultracentrifugation through sucrose gradients and western blotting ( Figures 6E and 6F ). In stage 6 embryo extracts, the majority of MTA2 and HDACm peaked at the position of the entire xNuRD complex ( Figure 6E, boxed) , which corresponds to xNuRD similarly isolated from activated egg extracts ( Figure S4 ). In contrast, these individual subunit peaks clearly separated from each other in stage 18 embryo extracts ( Figure 6F ), indicating that xNuRD complex formation is decreased after the MBT.
We conclude that the DNA replication initiation activity of xNuRD is downregulated after the MBT, concurrent with complex dissociation and the emergence of a requirement for noncoding Y RNAs .
xNuRD Is Required for Embryo Development before MBT Finally, we investigated the requirement of xNuRD for DNA replication in vivo by inhibiting the xNuRD complex in fertilized Xenopus laevis eggs and following the effects during development (Figure 7 ; Movies S1 and S2). To block xNuRD, we injected antibodies rather than morpholino oligonucleotides (MOs) into fertilized eggs because the long half-life of maternally deposited NuRD protein subunits during early development (Peshkin et al., 2015) would make mRNA targeting via MOs ineffective.
Injection of HDACm-and RBBP4-specific antisera inhibited development before the MBT, resulting in fewer, larger, and irregularly shaped cells at a time when control embryos had reached the early blastula stage ( Figure 7A ; Movie S1). These embryos arrested development and died at a time when control embryos underwent gastrulation. Injection of MBD3-specific immunoglobulin Gs (IgGs) gave a similar phenotype involving developmental delay and early embryonic death ( Figure 7B ; Movie S2).
In contrast, functional depletion of non-coding Y3 RNA by injection of antisense MOs (Y3 MOs) produced no phenotype until the MBT but then resulted in developmental arrest and embryonic death during gastrulation ( Figure 7B ; Movie S2), as described previously . Simultaneous injection of Y3 MO and MBD3-specific IgGs resulted in developmental delay before the MBT, as seen with inhibition of MBD alone, but the severity of the phenotype was increased and the onset of embryonic death accelerated ( Figure 7B ; Movie S2). In contrast, control embryos continued to develop normally ( Figure S5 ).
Finally, we asked whether the developmental delay and embryonic death caused by xNuRD inhibition is due to an inhibition of DNA replication. Injection of HDACm-, RBBP4-, and MBD3-specific antibodies resulted in a severe inhibition of DNA synthesis before the MBT (Figures 7C and 7D) . As a control, functional depletion of Y3 RNA by injection of Y3 MO had no effect on DNA replication before the MBT (Figure 7D ), as described previously . However, co-injection of Y3 MO with MBD3-specific antibodies moderately increased the inhibition of DNA synthesis obtained with MBD3-specific antibodies alone ( Figure 7D ), suggesting that xNuRD and Y RNAs may operate side by side around the MBT.
Taken together, we conclude that the xNuRD complex is essential for DNA replication and embryo development before the MBT and that xNuRD acts prior to the requirement for noncoding Y RNAs in early embryos.
DISCUSSION
In this study, we have isolated an isoform of the nucleosome remodeling and histone deacetylation complex NuRD as a DNA replication initiation factor from activated eggs and early pre-MBT embryos of Xenopus laevis that can overcome a functional requirement for non-coding Y RNAs. NuRD has been implicated as a repressor of transcription in various systems, and here we demonstrate an additional and essential function for DNA replication in early Xenopus embryos.
Combinatorial Assembly of Functional NuRD Complexes
NuRD comprises a class of evolutionarily conserved eukaryotic protein complexes. They form by combinatorial assembly from six canonical subunits that are each encoded by gene families, including CHD3/4, MTA1/2/3, HDAC1/2, RBBP4/7, and MBD2/3 (Allen et al., 2013; Torchy et al., 2015) . The presence of only one particular gene family product for each subunit is often characteristic of a particular NuRD complex. The xNuRD complex we have isolated is no exception because we found CHD4 (and not CHD3), MTA2 (and not MTA1 or 3), Xenopus proteins identified in the immunoprecipitates were ranked according to their quantitative emPAI values in the pre-MBT IP after normalization to emPAI (MTA2) = 1. All xNuRD-specific subunits detected are plotted (left, dark blue bars for pre-MBT; right, light blue bars for post-MBT). The mean normalized emPAI values for all detected proteins are indicated. Separate isoforms were identified in the Uniprot database for GATAD2/p66 (*LOC398154; **LOC100158394, isoform X2). (D) Relative enrichment of xNuRD subunits before MBT in immunoprecipitated complexes. Normalized emPAI values were taken from MTA2 co-immunoprecipitations of stage 6 pre-MBT and stage 18 post-MBT extracts, and their ratios are plotted for the indicated xNuRD subunits and the overall mean. (E and F) xNuRD complex formation in (E) pre-MBT and (F) post-MBT embryo extracts. xNuRD was partially sub-fractionated by precipitation with 20%-45% ammonium sulfate and ultracentrifugation through preparative sucrose gradients. MTA2, HDAC, and RBBP7 subunits were analyzed by western blot analysis of the preparative sucrose gradient fractions. A blue box shows the reference for the sedimentation of active xNuRD from egg extracts. Positions of sedimentation markers are indicated. See also Figure S4 and Table S4 .
HDACm/HDAC 1 (and not HDAC 2), and MBD3 (and not MBD2) as constituents. In addition, we found two isoforms of GATAD2 and both RBBP4/7, suggesting that these two subunits may be present in a non-exclusive manner.
The stoichiometry of NuRD complexes is ambiguous (Torchy et al., 2015) . xNuRD has an apparent molecular mass of 250-350 kDa, which is consistent with a previously described protein complex in Xenopus laevis oocytes containing HDACm and RBBP7/4 ) and a human NuRD complex (Zhang et al., 1998) . However, it is smaller than a 1-to 1.5-MDa NuRD/Mi-2 complex purified from Xenopus egg extracts (Wade et al., 1998) . Summing the masses of individual xNuRD subunits yields a value of about 500 kDa. The difference from the experimentally determined mass could be due to an elongated and non-spherical shape of xNuRD, contributing to a slower sedimentation during ultracentrifugation. Our data (C and D) DNA replication before the MBT depends on xNuRD. Total embryonic DNA of experimental repeats shown in (A) and (B) was quantified relative to rRNA (C) and (D), respectively. Individual datasets were normalized to the mean of the control distributions and plotted as box and whisker plots superimposed with individual data points. Antibodies available to other xNuRD subunits were ineffective in this assay, regardless of whether Y RNA was co-depleted ( Figure S6 ). Results of t tests (unpaired, two-tailed with unequal variance) of treated experimental samples against the controls are indicated (*p = 0.07; ***p % 0.001). See also Figures S5 and S6 and Movies S1 and S2.
would therefore suggest that the active xNuRD complex probably contains only one copy of each subunit, with the possible exception of the small RBBP7/4 and MBD3 subunits. Exclusive subunit utilization allows particular NuRD complexes to adopt particular biological functions. For instance, human MBD2 and MBD3 proteins are present in mutually exclusive NuRD complexes (Le Guezennec et al., 2006) . MBD2-deficient mice are viable, whereas MBD3-deficient mice are early embryonic lethal (Hendrich et al., 2001) , suggesting an essential and specific role for MBD3 during early mammalian development. Similarly, the presence of MTA1 in NuRD complexes correlates with metastatic growth of human tumor tissue and MTA3 with normal growth and differentiation (Ho and Crabtree, 2010) . We have shown here that an MTA2-containing NuRD complex from Xenopus laevis eggs has an essential function in DNA replication in early Xenopus embryos, supporting a general role of MTA-containing NuRD complexes as regulators of cell growth and differentiation. Interestingly, MTA2 interacts with Tipin to recruit DNA polymerase a to chromatin and promote the stability of DNA replication forks in Xenopus egg extracts (Errico et al., 2014) . However, this particular function of MTA2 does not involve the canonical NuRD complex, suggesting a separate role for MTA2 as part of the replication pausing complex (Errico et al., 2014) .
We have observed that homologous NuRD complexes from human cells, in contrast to xNuRD, do not have DNA replication initiation activity. This functional difference could be due to differences in the subunit compositions between these NuRD complexes, including the specific incorporation of HDACm, CHD4, MTA2, and MBD3 in Xenopus and heterogeneous inclusion of HDAC1/2, CHD3/4, MTA1/2/3, and MBD2/3 and the presence of DOC1, in human cells.
Functional Roles for Deacetylase Subunits
We have identified the maternal HDACm as the major deacetylase subunit of xNuRD. This 57-kDa protein is a class I histone lysine deacetylase enzyme, highly related to HDAC1 and characterized by a unique C-terminal domain (Ladomery et al., 1997; . HDACm accumulates during oogenesis and is maternally deposited in the egg . After the MBT, expression of HDACm declines slowly, with mRNA becoming undetectable by the tailbud stage and protein by the swimming tadpole stage (Ladomery et al., 1997) . We found that HDACm dissociates from the xNuRD complex after the MBT, concomitant with a decline of the associated DNA replication initiation activity. Thus, declining HDACm expression and complex dissociation may both underlie the loss of xNuRD DNA replication activity after the MBT, when initiation of DNA replication becomes dependent on the non-coding Y RNAs .
Following microinjection into oocytes, ectopic HDACm is transported into the nucleus (the germinal vesicle), causing a decondensation and transcriptional repression of lampbrush chromosomes (Smillie et al., 2004) . Therefore, it is possible that the HDACm subunit of xNuRD also causes, or contributes to, the inhibition of zygotic transcription until the MBT. Surprisingly, we found that treating fertilized eggs with the HDAC inhibitors SAHA or MS-275 did not result in significant inhibition of DNA synthesis before the MBT (data not shown), in contrast to the microinjection of xNuRD-specific antibodies. There may be technical reasons for this, such as poor compound dispersal or membrane permeability. However, it is also possible that the deacetylase activity of HDACm/xNuRD is not essential for DNA replication in the embryo before the MBT. In support of this idea, deacetylase inhibition by TSA treatment does not induce histone hyperacetylation and H1 gene expression in oocytes and early embryos before gastrulation (Almouzni et al., 1994) , nor does it inhibit sperm chromatin replication in activated egg extracts (Lemaitre et al., 2005) . In contrast, however, the HDAC activity of xNuRD is clearly required for the initiation of Y RNA-independent DNA replication in human somatic template nuclei in vitro. This might be explained by higher lysine acetylation levels in post-MBT embryos and somatic cells (Tsuchiya et al., 2014) .
HDAC1 and HDAC2 activities also contribute to S phase progression in mammalian somatic cells by stabilizing DNA replication forks (Bhaskara, 2015; Bhaskara et al., 2013; Conti et al., 2010) . Similar to HDAC1/2 inhibition, CHD4 depletion also results in delayed S phase progression in mammalian cells (Sims and Wade, 2011) . Therefore, the functional roles for these somatic NuRD complexes during replication fork progression are separate from, but not inconsistent with, an essential role for xNuRD during replication initiation.
DNA Replication Control during Early Development
The periods of xNuRD-dependent and Y RNA-dependent DNA replication during Xenopus development are distinct. We show here that inactivation of xNuRD results in an inhibition of DNA replication, a developmental delay, and embryo lethality before the MBT. In contrast, Y RNA inactivation has no effect before the MBT but results in the inhibition of DNA replication, developmental arrest, and embryo death after the MBT . Simultaneous inactivation of both xNuRD and Y RNA yields essentially the same pre-MBT phenotype as xNuRD inactivation alone but with a modest additive effect, suggesting a brief ''handover period'' of these two pathways during development, around the MBT.
Our discovery of an essential DNA replication function for the chromatin remodeling complex xNuRD provides a link between the control of DNA replication and the dynamics of the underlying chromatin structure. Replicating chromatin during the early cleavage stages is organized as aggregates of karyomeres, which are membrane-bound individual chromosomes that are more condensed than the canonical interphase nuclei appearing after MBT (Lemaitre et al., 1998; Montag et al., 1988) . In these karyomeres, DNA replication actually overlaps with mitosis because individual chromosomes initiate DNA replication as separate units during telophase, allowing the very short duration of S phase before the MBT (Lemaitre et al., 1998) . Therefore, xNuRD may play a crucial role in maintaining this condensed, fast-replicating, and transcriptionally silent chromatin environment during early cleavage stages. In the different chromatin environment of human late G1 phase nuclei, the remodeling activity of xNuRD could facilitate the initiation of new DNA replication forks in the absence of Y RNAs. It can thus be hypothesized that Y RNAs play a role in negotiating local and potentially repressive chromatin environments in human cell nuclei during the activation of chromosomal DNA replication origins. Future experiments will be required to test this idea.
We do not yet know whether the evolutionary conservation of the essential function of xNuRD extends beyond Xenopus laevis. However, based on the emergence of Y RNA-dependent pathways for DNA replication and embryo viability during early development in zebrafish and nematodes , it is likely that homologs of xNuRD may also exist in other vertebrate and non-vertebrate organisms.
The physiologically relevant targets of xNuRD activity are unknown. Future proteome-wide experiments should therefore be directed at identifying the acetyl-lysine residues on histone and non-histone proteins that are physiologically relevant for the HDACm activity of xNuRD. Similarly, genome-wide investigations may reveal relevant genomic locations for the nucleosome mobilization activity of the CHD4 subunit of xNuRD. The findings reported here, putting xNuRD at the crossroads of transcription repression and DNA replication, should expedite such investigations.
EXPERIMENTAL PROCEDURES
Further details and reagents used in this work can be found in the Supplemental Experimental Procedures.
Xenopus Egg and Embryo Manipulations
Crude Xenopus laevis egg extracts were prepared after packing dejellied activated eggs at 900 3 g for 1 min at 4 C by crushing through centrifugation at 20,000 3 g for 15 min at 4 C . After Y RNA degradation, extracts were fractionated over seven steps, and proteins were identified by mass spectrometry, as detailed in the Supplemental Experimental Procedures. Embryos were obtained by artificial fertilization. They were maintained in 10% normal amphibian medium (NAM) (Slack, 1984) and staged as described previously (Nieuwkoop and Faber, 1975) . Xenopus embryos were injected at the one-cell stage with 40 ng antisense morpholino oligonucleotides dissolved in water as described previously (control MO [coMO] or xY3MO; and/or with 65 ng protein of antiserum or 5 ng of purified antibodies. Embryos were imaged with a Leica M165FC dissecting scope with a DFC310FC digital camera using Leica LAS software v4.9.
Embryo extracts were prepared by triturating staged embryos in LB buffer (10 mM potassium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [K-HEPES] [pH 7.4], 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, and Roche complete protease inhibitor cocktail) at 10 mL/embryo. Lipids and yolk were then removed from the lysate by extraction with an equal volume of Freon, and the aqueous phase was collected following centrifugation at 14,000 3 g for 15 min at 4 C.
All Xenopus work complied fully with the UK Animals (Scientific Procedures) Act 1986 as implemented by the Francis Crick Institute.
Human Cells and DNA Replication Initiation Assays Human HeLaS3 and EJ30 cells were grown as proliferating monolayers as described previously (Krude, 2000; . hESCs (WA09, WiCell) were cultured on Matrigel-coated Costar 100-mm plates (Corning Matrigel hESC-Qualified Matrix) in mTeSR1 medium (STEMCELL Technologies). Template nuclei were prepared from mimosine-arrested late G1 phase EJ30 cells as described previously (Krude, 2000) .
DNA replication initiation reactions containing late G1 phase template nuclei, cytosolic extracts from proliferating HeLa cells, and a buffered riboand deoxyribonucleoside triphosphate and energy-regenerating mix were performed and analyzed by confocal immunofluorescence microscopy as detailed previously Krude, 2000; .
Endogenous Y RNAs were depleted from the extracts by antisense DNA oligonucleotides as detailed previously .
Immunoprecipitation
For immunoprecipitations, Xenopus laevis egg or embryo extracts or human cell extracts were first precipitated with ammonium sulfate at 20%-45% saturation and fractionated by sucrose gradient ultracentrifugation to yield fractions 4-7 (for Xenopus extracts) Antibodies directed against control GFP and the indicated subunits of xNuRD (5ng/embryo) were (co)injected with the indicated MOs (40 ng/embryo of coMO or xY3MO; into the animal pole at the 1 cell stage. Total embryonic DNA of the experimental repeats was quantified relative to rRNA. Individual data sets were normalised to the mean of the control anti-GFP distributions, and plotted as box and whisker plots superimposed with individual data points. Results of T-tests (unpaired, two-tailed with unequal variance) of treated experimental samples against the controls are indicated (ns, not significant).
Supplemental Experimental Procedures Antibodies and inhibitors
The following rabbit antibodies were used for both Xenopus and human cell extracts, after we had confirmed by Western blot analyses that they cross-react with polypeptides of the expected size in both species: anti-CHD4 (ab85620), anti-MTA1 (ab71153), anti-MTA2 (ab8106), anti-p66 alpha (ab87663), anti-HDAC1 (ab19845), anti-RbAp46 (ab3535), anti-RbAp48 (ab1765; all from Abcam).
Rabbit anti-MBD3 (GTX116204, from GeneTex), anti-HDACm (C-pep, ) and antinucleoplasmin (from Ron Laskey, University of Cambridge) were used exclusively for Xenopus The following HDAC inhibitors were dissolved in DMSO and used at the concentration specified:
Trichostatin A, TSA (Cell Signaling Technology, 9950S), SAHA (Sigma, SML0061), and MS-275 (Sigma, EPS002).
Isolation of NuRD complexes: Fractionation of Xenopus egg extracts
Crude Xenopus laevis egg extracts were prepared after packing dejellied activated eggs at 900 x g for 1 min at 4°C by crushing through centrifugation at 20,000 x g for 15min at 4°C . The entire soluble fraction between lipid plug and solid pellet was recovered and extracted twice with an equal volume of 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon, Sigma-Aldrich) to remove lipids and yolk. At this stage, eggs extracts obtained from several females were pooled. Endogenous Y RNAs were degraded by addition of antisense DNA oligonucleotides to target endogenous RNAse H activity, as described previously . Y RNA-depleted egg extracts were fractionated initially by ammonium sulphate precipitation.
Initiation activity was present between 20% and 45% saturation. The 20-45% precipitate was dissolved and dialysed against replication buffer (20 mM K-HEPES pH 7.8, 100mM K acetate, 1mM DTT, 1mM EGTA), and subsequently loaded on 15% to 40% linear sucrose gradients prepared in replication buffer in 5ml tubes. Gradients were run in a Beckman Coulter OptimaMAX-XP ultracentrifuge for 18h at 124,000 x g at 4°C in a Beckman Coulter MLS-50 rotor. Gradients were manually fractionated into 10 soluble fractions (0.5ml volume). Pelleted material was resuspended in its residual volume and adjusted with replication buffer to 0.5ml. Initiation activity was present in fractions 4-7, which were then pooled and precipitated with ammonium sulphate at 100% saturation. The precipitate was dissolved in buffer A (50mM Tris pH 8.2, 150mM KCl, 1mM DTT, 1mM EGTA) and loaded on a Heparin Sepharose column, equilibrated in buffer A, using the Äkta pure FPLC platform (GE Healthcare). Protein fractions were step-eluted in buffer A adjusted to 500mM KCl (Hep500) and 1M KCl (Hep1M). Initiation activity was present in the Hep500 fraction. The Hep500 fraction was diluted to 150mM KCl and loaded onto a MonoQ column (5/50 GL, Pharmacia Biotech), equilibrated in buffer A. Proteins were eluted with a linear KCl gradient up to 600 mM KCl over a volume of 10ml.
Fractions containing initiation activity were determined experimentally for each purification run (peaking typically between 340-380mM KCl), pooled and precipitated with ammonium sulphate at 100% saturation. The precipitate was dissolved and dialysed against replication buffer, and subsequently loaded on 15% to 40% linear sucrose minigradients prepared in replication buffer in 600µl tubes. Gradients were run for 18h at 124,000 x g at 4°C using tube adapters in an MLS-50 rotor, and fractionated into 10 fractions (60µl volumes), the residual pellet was resuspended in 60µl replication buffer. Activity peaked in fractions 6 and 7.
Isolation of human NuRD complexes: Fractionation of human cell extracts
For isolation of hNuRD, HeLa cells and hESCs were fractionated into nuclei and cytosol by hypotonic washes, dounce homogenisation and centrifugation of the cell homogenate at 5,000 x g for 3mins as detailed previously .
The cytosolic supernatant was re-centrifuged at 16,000 x g for 15mins at 4°C. The supernatant served as the cytosolic extract and the pelleted debris was discarded.
The nuclei were extracted at 4°C in extraction buffer (20 mM K-HEPES pH 7.8, 600mM NaCl, 5mM K acetate, 0.5mM MgCl 2 , 0.5mM DTT, 1mM EGTA) in a rotator for 40mins and centrifuged again at 16,000 x g for 15mins at 4°C. The supernatant provided the nuclear extract and the pelleted residual nuclear structures were discarded. Prior to use, nuclear extracts were dialysed against replication buffer.
Endogenous Y RNAs were depleted from the extracts by antisense DNA oligonucleotides as detailed previously . Depleted extracts were subsequently fractionated by ammonium sulphate precipitation at 20-45% saturation and sucrose gradient ultracentrifugation, exactly as detailed for Xenopus egg extracts above.
DNA Quantification in Xenopus embryos
DNA was isolated from Xenopus laevis embryos and quantified relative to rRNA as described (Rollins and Andrews, 1991) , with modifications. In short, embryos were collected at stage 7 and lysed with SETS buffer (50mM Tris pH 7.5, 150mM NaCl, 10mM EDTA, 0.5% SDS; supplemented with 250µg/mL proteinase K) at 100µl/embryo. Lysates were incubated at 55˚C for 30 min and then extracted with an equal volume of phenol-chloroform-isoamyl alcohol, pH 7.9, and the aqueous phase collected following centrifugation using Phase Lock Gel heavy tubes (5Prime, Qanta Bio). DNA was precipitated with ethanol and resuspended in TE buffer (10mM Tris-Cl, pH 8.0, 1mM EDTA) at 20ul/embryo. 5 or 10µl volumes of DNA were run on 0.6% agarose gels in TAE buffer and the DNAto-rRNA ratios were determined using Quantity One software (BioRad).
Mass spectrometry
Protein samples were prepared by two alternative methods: Polyacrylamide gel slices (1-2mm) containing the proteins were prepared for mass spectrometric analysis using the Janus liquid handling system (PerkinElmer, UK). Briefly, entire gel lanes were manually cut into 22 slices, and the excised protein gel pieces were placed in the wells of a 96-well microtitre plate and destained with 50% v/v acetonitrile and 50mM ammonium bicarbonate, reduced with 10mM DTT, and alkylated with 55mM iodoacetamide. After alkylation, proteins were digested with 6ng/µl trypsin (Promega, UK) overnight at 37°C. Alternatively, immunoprecipitated proteins bound directly to beads were reduced and alkylated as described above and then trypsinised, in 30µl of buffer containing 50mM ammonium hydrogen carbonate pH 8.0 and 6ng/µl Trypsin). Digestion was performed for 60 min at 37°C in a thermomixer, shaking at 750 rpm. After the initial digestion, an additional 10µl of 6ng/µl Trypsin was added and the samples digested overnight at 37°C in a thermomixer, shaking at 750rpm.
The resulting peptides were extracted in 2% v/v formic acid, 2% v/v acetonitrile. Digests were analysed by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC (ThermoScientific Dionex, San Jose, USA) to deliver a flow of approximately 300nl/min. A C18 Acclaim PepMap100 5µm, 100µm x 20mm nanoViper (ThermoScientific Dionex, San Jose, USA) trapped the peptides prior to separation on a C18 Acclaim PepMap100 3µm, 75µm x 250mm nanoViper (ThermoScientific Dionex, San Jose, USA). Peptides were eluted with a 60min gradient of acetonitrile (2% to 80%). The analytical column outlet was directly interfaced via a nano-flow electrospray ionisation source, with a hybrid quadrupole orbitrap mass spectrometer (Q-Exactive Plus Orbitrap, ThermoScientific, San Jose, USA). Data dependent analysis was carried out, using a resolution of 30,000 for the full MS spectrum, followed by ten MS/MS spectra. MS spectra were collected over a m/z range of 300-2000. MS/MS scans were collected using a threshold energy of 27 for higher energy collisional dissociation (HCD).
LC-MS/MS data were then searched against a protein database (UniProt KB) using the Mascot search engine programme (Matrix Science, UK) (Perkins et al., 1999) . Database search parameters were set with a precursor tolerance of 10ppm and a fragment ion mass tolerance of 0.8Da. One missed enzyme cleavage was allowed and variable modifications for oxidized methionine, carbamidomethyl cysteine, pyroglutamic acid, phosphorylated serine, threonine and tyrosine, and methyl arginine were included. MS/MS data were validated using the Scaffold programme (Proteome Software Inc., USA) (Keller et al., 2002) . All data were additionally interrogated manually.
